[1] Aerosol single scattering albedo and phase function were retrieved from Cimel Sun photometer observations of sky radiance during the May 2003 Atmospheric Radiation Measurement (ARM) Aerosol Intensive Observation Period. Single scattering albedo and backscattered fraction were compared to data obtained from the ARM program In situ Aerosol Profile (IAP) flights and a similar airborne experiment conducted by the University of Washington. The retrieved single scattering albedo was within about 0.05 of the in situ measurements for many of the considered cases, though much larger deviations were also seen. The retrieved aerosol properties were also used to compute the ratio of diffuse and direct irradiance at the surface, which was compared to the same ratio measured by a Multi Filter Rotating Shadowband Radiometer. The radiation model included correction factors to account for the effect of the instrument cosine response on both the direct and diffuse irradiance components. These comparisons showed very good agreement for most of the cases considered. 
Introduction
[2] Developing a more comprehensive understanding of the radiative forcing induced by natural and anthropogenic aerosols is a basic ingredient for upgrading the performance of climate models. Some recent studies of clear-sky radiation indicate that current RT models tend to underestimate atmospheric absorption when the aerosol optical depth is small. This discrepancy appears when the RT models assume standard aerosol scattering parameters that seem to be consistent with the surface measurements of aerosol properties. This so-called clear-sky anomaly is manifested in predicted levels of diffuse radiation significantly above those observed at the Atmospheric Radiation Measurement (ARM) Southern Great Plain (SGP) sites and other sites in the continental United States [Halthore et al., 1998 ]. In general, observations made at pristine sites do not indicate the presence of unusually absorbent aerosols [Barnard and Powell, 2002; Kato et al., 1997] . It is generally thought that the anomalously low diffuse radiation observations are due to the presence of a strongly absorbing aerosol, perhaps elemental carbon, that may be produced by industrial activity or biomass burning [Hansen et al., 2004; Mlawer et al., 2000] . However, anomalously low diffuse radiation was seen in observations obtained at Palmer Station, Antarctica [Payton et al., 2003] a site far away from likely pollution sources. Since estimates of the climatic effects of human-generated aerosol are very sensitive to aerosol radiative absorption, it is important to understand the mechanisms which underlie these observations.
[3] The concurrent observations made at the ARM SGP Central Facility (CF) during the May 2003 aerosol Intensive Observational Period (IOP) provide a valuable test of in situ and ground based aerosol retrieval techniques, and allow detailed evaluation of radiative closure. The main goal of this study is to test how well in situ measurements of aerosol properties compare to aerosol diagnostics based on surface radiation diagnostics. Additionally, we seek to determine if the surface measurements of the diffuse/direct ratio measured by surface irradiance monitors can be predicted by the scattering parameters derived from the aerosol retrievals.
[4] Over the past decade, a number of remote sensing methods have been developed to retrieve aerosol properties from measurements of sky and direct solar radiation. A common approach is to use results from scattering theory to help reveal relationships between the observed radiation and aerosol properties. One of the first discussions of such an approach derived the aerosol size distribution by inversion of the spectral optical depth [King and Byrne, 1978] based on ideas from Mie scattering theory. Later, Nakajima et al. [1983] showed how to relate the size distribution of aerosol particles to the radiation pattern in the solar aureole region. This work was based on a newly derived radiative transfer approximation that applies to the small-angle scattering limit and was also based on theoretical results from Mie scattering. Recently, more elaborate techniques have been developed that use both angular and spectral information to retrieve both the size distribution and the index of refraction [Dubovik and King, 2000; Dubovik et al., 2002b] . These methods allow the consideration of either spherical or spheroidal particles. The information about the aerosol size, shape and constitution provided by these techniques have been applied to the data available from the widely distributed AERONET network to produce a global aerosol climatology [Dubovik et al., 2002a] .
[5] While the extra information on aerosol microphysics provided by these methods is valuable, it comes with a potential liability. In these techniques the method used to derive the single scattering albedo is more indirect than necessary and is somewhat dependent on whether a spherical or spheroidal particle shape is assumed. (It should be noted, however, that retrieved values of single scattering albedo are fairly insensitive to the particle shape assumption.) The basic set of retrieved quantities are index of refraction and size distribution: Single scattering albedo is estimated through application of methods that apply to spherical or spheroidal scattering theory. For use in this study, we have chosen to use an alternate approach first suggested by Wang and Gordon [1994] . In this approach the single scattering albedo, w, results from a direct application of radiative closure. In addition, the method is easily applied to the data already provided by the Cimel Sun Photometer (CSPHOT) located at the ARM Central Facility. The CSPHOT is also part of the global AERONET aerosol measurement network [Holben et al., 1998 ], so techniques developed here can be easily applied to other locations. An outline of our application of the technique is provided in the next section. A discussion of the main data products used from the ARM aerosol IOP is given in section 2. Section 3 contains a discussion of the results of the analysis. Finally, section 4 provides a summary and concluding remarks.
A Method to Retrieve Aerosol Phase Function and Single Scattering Albedo
[6] The Wang and Gordon technique uses a radiative transfer model (RTM) to evaluate the sensitivity of the sky radiance to the aerosol phase function. This information is used in an iterative sequence similar to Newton's method to find the value of aerosol phase function that causes the RTM to reproduce the observed radiance.
[7] In the optically thin limit one may assume that the radiance is composed of two parts, one originating from aerosol scattering and one due to Rayleigh scattering. With a first guess of w and the aerosol scattering phase function, P, which provides the angular distribution of the scattered radiation, the RTM can be used to compute (1) a first estimate of the full radiance R c and (2) the radiance contributed by Rayleigh scattering alone, R r (i.e., with the aerosol optical depth set to zero). By ignoring any interaction term between the Rayleigh and aerosol contribution, one may assume that the quantity R c À R r is proportional to wP. Hence
where it is assumed that each of these quantities are functions of zenith and azimuth angle. Since R r is independent of wP, the LHS of equation (1) is just dR c /d(wP). Hence this relation allows us to write a correction to the estimate of computed radiance, in terms of a new estimate of wP (updated quantities indicated with a primes):
Setting the corrected radiance, R 0 c , to the observed radiance, R m , and solving for (wP) 0 we find the desired iteration equation for the product of the single scattering albedo and phase function:
Using this equation, new values of wP may be computed for each of the scattering angles observed by the CSPHOT. Since the Rayleigh radiance is independent of wP, it is computed only once at the beginning of the iteration cycle. Before the next iteration can be performed, separate values of w and P must be found and supplied to the RTM. This is accomplished by enforcing the standard normalization condition on the phase function so that its integral over the full range of scattering angle equals 2 [Liou, 1980] . Hence
where m is the cosine of the scattering angle, which is computed from the zenith (q) and relative azimuth (f) angles with the relation,
where q o is the solar zenith angle.
[8] It should be noted that even though this iteration method is derived assuming an optically thin atmosphere, the iteration converges only when R m = R c . Because the RTM solves the full multiple scattering transfer problem, the retrieved values of w and P represent the best estimate given the quality of radiance observations and the accuracy of the aerosol optical depth and of the other parameters that enter into the RTM calculation, such as surface albedo, and air pressure (for Rayleigh scattering).
[9] Each iteration of equations (3) and (4) involve calculation at the scattering angles at which R m is available. The angular resolution at which the phase function is specified significantly impacts the accuracy of the RTM radiance predictions. Ideally, viewing directions sampling every part of the sky should be included. The resulting redundancy in scattering angle samples would allow more robust removal of viewing directions contaminated by clouds or other horizontally inhomogeneous features, without degrading the phase function angular resolution. However, in practice the CSPHOT provides radiance measurements only in the solar almucantar (constant viewing zenith angle equal to the solar zenith angle) and principal plane. Furthermore, the range of the observed scattering angle is inherently limited: Instrument dynamic range and stray light limits viewing too close to the disk of the Sun; backscattered radiation cannot be viewed below the horizon. In their original statement of the method, Wang and Gordon suggested that the radiance in the unobserved backward direction be represented by a constant, matching the radiance at the maximum scattering angle. In the forward scattering direction they suggested that the logarithm of the radiance be fitted to a straight line passing through the radiance values for the two smallest scattering angles.
[10] In our application of the method we have tested the use of a more elaborate extrapolation assumption. For the unobserved scattering angles, we assume that the phase function follows the shape of a phase function computed from a Mie scattering code [Wiscombe, 1980] . The extrapolated part of the phase function is assumed to be continuous with the iterated radiance, R c , value at the limits of the observed scattering angle. An additive offset is used to enforce the continuity. This means that observations at the small and large scattering angle limits carry extra weight in determining the single scattering albedo, since changes at these angles will have greater impact on the integration in equation (4). This consideration becomes particularly important in cases where either (1) the solar zenith angle is small and access to backward scattering angles is limited or (2) asymmetries in the left-right branches of almucantar scans viewing near the Sun prevents use of the smallest observed scattering angles. The Mie phase function used in the unobserved scattering angle regions is based on the aerosol size distribution derived from CSPHOT radiance measurements in the solar aureole region. These data are provided as a standard part of the AERONET retrievals package and are based on the technique of Nakajima et al. [1996] . In our analysis of the observational data we explore the effects of assuming different aerosol types to provide the index of refraction used to compute the Mie phase function.
[11] The success of the phase function retrieval will depend on the accuracy and flexibility of the RTM used for the forward radiance computation. We have chosen to use a Monte Carlo model that was developed for use in analyzing high-latitude radiation environments [Ricchiazzi and Gautier, 1998; Ricchiazzi et al., 2002] . This RTM treats absorption by gases with a correlated k model based on the HITRAN 2000 line database [Rothman et al., 2003] . The top-of-atmosphere (TOA) solar input for the model included a factor for the seasonally adjusted Earth-Sun distance. For our nominal set of runs, the solar input was set to the [Kurucz, 1995] solar spectrum convolved with the CSPHOT spectral channels, which were modeled as 10 nm wide rectangular filters, centered at 440 nm, 676 nm and 869 nm. A set of runs using the more recent [Gueymard, 2004] solar spectrum was also performed to determine the sensitivity of the model results to the TOA solar input and instrument calibration.
[12] The Monte Carlo approach is a natural fit for computing radiance in the solar aureole region. Since we are treating the clear-sky atmosphere, optical depths are small and the Monte Carlo runs are not overly expensive: Most photons entering the calculation undergo at most a few scatterings before being absorbed or leaving the computational volume. In addition, the Monte Carlo approach uses the phase function directly. In contrast, RT models based on the discrete ordinate method treat the phase function as an expansion of terms of some orthogonal polynomial. For example, the DISORT [Stamnes et al., 1988] radiative transfer module requires more than 200 terms of a Legendre polynomial expansion in order to accurately model the radiance in the solar aureole region. Running DISORT with this number of radiation streams is both time consuming and prone to numerical difficulties. It should be noted, however, that techniques to overcome these problems have been described [Qin et al., 2002a [Qin et al., , 2002b .
[13] Another benefit of the Monte Carlo approach is that it can provide the partial derivative of the radiance with respect to the single scattering albedo and phase function for little additional computational cost [Marchuk et al., 1980] . This capability was used for the aerosol property retrievals performed for the 440 nm channel of the CSPHOT. We found that the iteration sequence outlined above (equations (1) - (5)) failed to converge when equation (1) was used to estimate dR c /d(wP). At shorter wavelengths, the larger Rayleigh and aerosol optical depth weakens the validity of the single scattering assumption, and leads to the nonphysical result, dR c /d(wP) < 0 when R c < R r . Rapid convergence (10 to 15 iterations) was restored when equation (1) was replaced with the Monte Carlo results for the partial derivative. Finally, although the capability was not used in this study, the Monte Carlo approach also offers a ready framework to investigate the effects of non-Lambertian reflectance or of horizontal inhomogeneity in the surface albedo.
[14] Our Monte Carlo model uses the backward propagation technique developed by Gordon [1985] to compute radiance. In this approach, photons are injected into the atmosphere from the sensor location, precisely along the directions at which radiance estimates are desired. An injected photon is given an initial unit weight that is consequently reduced by interaction with gas, aerosols, and surface. The photon is followed until it leaves the top of the atmosphere. We obtain an additional computational economy by using the method of expected values [Gordon, 1985] , which accumulates from each scattering event (surface, Rayleigh or aerosol) a contribution to the radiance in the sunward direction. Using both the methods of backward propagation and expected values allows radiance profiles to be computed to within a fraction of percent, while tracking the trajectories of only about 100,000 photons per viewing direction.
Data From the May 2003 ARM Aerosol IOP
[15] In addition to the standard radiation and aerosol observational data streams generated at the SGP Central Facility, several dedicated experiments were undertaken for the IOP to augment information on the surface and atmo-spheric state. In this section we discuss the results of four experiments that contribute to our analysis.
Surface Albedo
[16] Since the aerosol phase function tends to peak strongly in the forward direction, retrieval techniques that concentrate on information contained within the solar aureole region tend to be insensitive to multiple scattering effects involving surface interaction. In contrast, our retrieval method uses radiance from a large range of scattering angle and therefore depends on a good estimate of surface reflection.
[17] To help support aerosol IOP studies, a land cover map was derived for a 15 km Â 15 km area centered around the ARM SGP Central Facility (CF) [Trishchenko et al., 2004] . The map was based on a Landsat satellite image, obtained on 13 April 2003, and on ground surveys conducted during May 2003. The ground surveys included spectral measurements of surface reflectance for the major land cover types. Land type characterization of the satellite maps indicate that most of the surface area of the full 15 km Â 15 km area is covered by wheat fields and pasture, making up 63% and 25% of the total land area, respectively.
[18] The surface type distribution appears to be fairly uniform at a range of spatial scales between 1 and 15 km around the CF. We computed the composite albedo due to all surface types within circular areas centered on the CF with a range of different diameters. This composite albedo was found to vary by only a few percent when considering diameters of 4, 8 and 15 km. This suggests that surface heterogeneity is not an important factor in modeling radiation near the CF. Theoretical results from the analysis of high-latitude regions show that inhomogeneous surface reflectance (snow covered land versus open ocean) does not affect the clear-sky radiance distribution unless the spatial distribution of reflectance varies strongly on scales 5 to 15 km [Ricchiazzi and Gautier, 1998 ].
[19] When the surface type identification of the satellite maps is combined with the detailed spectral measurements of particular surface types, the composite surface albedo in the vicinity of the CF site is found to be 0.030, 0.085 and 0.36 for the CSPHOT channels at 440 nm, 676 nm and 869 nm, respectively. Since wheat fields and pasture occupy so much of the surface area near the CF, ARM has established continuous reflectance monitoring of representative patches of wheat and pasture land using up-and down-looking Multi Filter Radiometers mounted on the 10 and 25 m towers, respectively [Harrison and Michalsky, 1994] . Figure 1 shows the weighted sum of surface albedo measured by the 10 and 25 m MFRs. The albedo is actually computed as the ratio of the upwelling irradiance measured by tower-mounted MFRs to the downwelling irradiance measured by the Central Facility MFRSR. The weighting factors were chosen to match the relative area fraction that wheat fields and pasture contribute to the extended area around the CF. The accuracy of the measurements are difficult to state since the tower mounted MFRs have not undergone the same regular calibration procedures that has been applied to the upward viewing MFRSR at the CF. However, these measurements provide a good indicator of surface albedo variability.
[20] The albedo measurements show both long-and short-term variation. Over the course of the IOP, the average albedo at 670 nm climbed from 0.06 to 0.1, while the 870 nm albedos slowly decreased from 0.4 to 0.3. The 440 nm albedo decreased by about 10% from its initial value of about 0.03. Overlaid on these gradual changes are diurnal variations on clear-sky days that show a minimum albedo near solar noon and values nearly 40% larger in the morning and afternoon. This daily variation has been noted in early studies of grass-like vegetation [Tucker, 1977; Jackson et al., 1979] and indicates that the reflectance is sensitive to solar zenith angle, and implies that the upwelling radiance is anisotropic. Lacking any detailed information on the form of the anisotropic reflectance, the MFR albedo measurements may still be used as a guideline for setting credible bounds on the reflectance used in the aerosol retrievals. The composite reflectance from the satellite maps was used as the nominal albedo in the aerosol retrievals, while albedo excursions corresponding to the 5th and 95th percentile of the MFR data were used to test the sensitivity of the aerosol retrievals to uncertainty in surface reflectance.
Aerosol Optical Depth Profile
[21] In an optically thin atmosphere the vertical distribution of optical extinction coefficient is not expected to play an important role in determining the diffuse radiance distribution. However, since the intention of this study is to compare column integrated retrievals of aerosol properties with the in situ measurements, it is important to know the fraction of the total optical depth measured at the surface that is contributed by material within the altitude range sampled by the aerosol profile flights.
[22] This information was provided by the NASA Ames Airborne Tracking 14-channel Sunphotometer (AATS-14), mounted on the CIRPAS UV-18A Twin Otter aircraft. Between 6 and 29 May 2003, the Twin Otter performed 16 research flights out of Ponca City, Oklahoma, Airport. All flight patterns were anchored at the Central Facility of the ARM SGP site (36.74°N, 97.09°E, 319 m), 32 km west of Ponca City. For the aerosol IOP campaign the maximum flight altitude was 5.6 km. The AATS-14 measures the transmission of the direct solar beam in 14 spectral channels (354, 380, 453, 499, 519, 604, 675, 778, 865, 941, 1019, 1241, and 2139 nm) . Azimuth and elevation motors, controlled by tracking error signals derived from a quad-cell photodiode, rotate the AATS-14 tracking head to lock on to the solar beam. The filter/detector/preamp sets are temperature controlled to avoid thermally induced calibration changes. AATS-14 was calibrated at the Mauna Loa Observatory, Hawaii, 1.5 months before and 1.5 months after the aerosol IOP campaign using the Langley plot technique [Schmid and Wehrli, 1995] . As a result of bandpass filter degradation, the calibration constants obtained from the postmission calibration were slightly different from those obtained from the premission calibration. None of the 14 calibration constants had changed by more than 1.6% with 5 channels exhibiting a change of less than 0.5%. The AATS-14 aerosol optical depth were compared with the CSPHOT used in this study, a second CSPHOT and a Normal Incidence MFR during low-altitude flybys. Bias differences ranged from À0.007 to 0.023 [Schmid et al., 2006] .
[23] In addition to optical depth information from the AATS, our method requires concurrent data from several other instrument packages deployed during the May 2003 aerosol IOP. The operation schedules of the various instruments did not always coincide. This, combined with a requirement that the CSPHOT observations be essentially cloud-free, left us with only 4 days that were suitable for analysis. The optical depth profiles at 550 nm for the 4 days, 9, 22, 27 and 29 May 2003, are shown in Figure 2 . The total optical depth at the surface was about 0.1 on 22 and 29 May, and about twice that amount for both 9 and 27 May. In our aerosol retrievals, the AATS-14 optical depth profiles were used to determine the vertical distribution of extinction coefficient. To maintain consistency with the radiance observations, the total optical depth was rescaled to match the CSPHOT aerosol optical depth measurements corresponding most closely to the time of the radiance measurements.
[24] Data from the in situ Aerosol Profile (IAP) flights extend from the surface to an altitude of about 3.8 km. A measure of how well the IAP data represent the full column is given by the ratio of the optical depth at 3.8 km and the surface. These fractions are readily computed from Figure 2 as 45%, 70%, 76% and 90% for days 9, 22, 27 and 29 May 2003, respectively.
In Situ Aerosol Properties
[25] In our study, retrieved column integrated aerosol properties are compared to the observations made by two different in situ aerosol profiling experiments that were carried out during the IOP. The first, is a continuation of the ARM IAP experiment, mentored by the Climate Monitoring and Diagnostic Lab (CMDL). Fifteen IAP flights were performed during the AIOP period. In addition, the Twin Otter platform was used by Covert and Elleman, from the University of Washington, to measure the vertical profile of aerosol light scattering, light absorption, and humidification factor [Schmid et al., 2006] . The AIOP has focused the attention of a number of other research groups on the issue of obtaining accurate estimates of in situ [26] The IAP flight data were obtained by a light aircraft (Cessna C-172N) outfitted with an instrument package similar to the system operating at the surface SGP site [Andrews et al., 2004; Sheridan et al., 2001] . For each profile flight, the Cessna flew nine level legs over (or near) the SGP CF. The legs were flown at altitudes of 467, 610, 915, 1220, 1525, 1830, 2440, 3050 , and 3660 m above sea level. The surface altitude at the CF is 320m. Aerosol data were collected at 1 s intervals and averaged over the duration of each level flight segment ($10 min average for the four highest levels, $5 min average for the lowest five levels). Aerosol optical properties obtained for each level leg include light scattering (s sp ), hemispheric backscattering (s bsp ) and light absorption (s ap ) coefficients. These are the so-called extensive properties that depend on the concentration of aerosol particles. From s ap and s sp the extinction coefficient, s ext = s ap + s sp can be calculated. Extensive properties can also be used to derive the aerosol intensive properties, which are independent of the amount of aerosol. These include single scattering albedo, w, hemispheric backscatter fraction (b), and Å ngström exponent (e). Equations for calculating intensive properties are
[27] Inside the airplane, the aerosol sample is gently heated, if necessary, to maintain the system relative humidity at less than 40%. After the heater, there is a 1 mm impactor which constrains the sample so that only fine particles (aerodynamic diameter <1 mm), the dominant contributors to visible light scattering and absorption, are measured [Anderson and Ogren, 1998 ]. By deliberately removing the supermicrometer aerosol from the sample, two sources of uncertainty in the measurements are eliminated: (1) uncertainty in the amount of inlet losses of large particles and (2) uncertainty in the truncation correction for supermicron particles.
[28] Once the air stream has been dried and large particles removed, it is passed through the aerosol instruments. An integrating nephelometer (Model 3563, TSI Inc., Minneapolis, Minnesota) measures total (7°-170°) and backward (90°-170°) light scattering by aerosol particles at three wavelengths: blue (450 nm), green (550 nm) and red (700 nm). A particle soot absorption photometer (PSAP, Radiance Research, Seattle, Washington) measures light absorption by particles at a single green wavelength (adjusted to 550 nm during corrections).
[29] The Twin Otter experiment conducted by Covert and Elleman (henceforth referred to as the CE experiment) used a configuration of nephelometers and absorption photometers similar to that used in the IAP flights, except that no impactor was used to block supermicron particles [Schmid et al., 2006; Hallar et al., submitted manuscript, 2005] . A TSI Model 3563 integrating nephelometer was used to make low relative humidity (RH) measurements of scattering and hemispheric backscatter at 450, 550 and 700 nm. At low values of RH, the aerosol absorption coefficient was measured with a Radiance Research Model PSAP with optical filters at 467, 530 and 660 nm.
[30] For both the IAP and CE experiments, aerosol radiative properties were scaled up to ambient conditions outside the aircraft using a two term fitting function, relating scattering coefficient to RH:
The fitting coefficients, a and b, are set by measurements from a humidograph nephelometer on the Twin Otter (a Radiance Research model RR903) that was used to measure scattering at 540 nm at both low and high values of RH. For the CE experiment, humidity scaling was only applied to measurements for which the high RH is greater than 65%, and there is at least 30% difference between the low and high RH. Since, high humidity measurements in the blue and red channels were not available for either the IAP or CE experiments, the power law slope of both the scattering and backscattering coefficients at ambient humidity was assumed to be the same as those measured by the TSI model 3563 nephelometers at the reference (low) humidity. For the CE experiment, values of single scattering albedo at the CSPHOT channel wavelengths were computed using logarithmic interpolation (i.e., a power law fit) on the blue, green and red values of s sp and s ap . For the IAP experiment, which did not measure absorption in the blue and red channels, the power law slopes provided by the CE PSAP observations were used to extrapolate the IAP green channel to other wavelengths. Neither experiment measured the effect of relative humidity on s ap . In computing the values of single scattering albedo we assumed that the absorption coefficient is constant with respect to changes in RH.
[31] Figures 3 and 4 show the vertical profiles of w and b for the 4 days considered in this study. For comparison with our column average retrievals, an estimate of the average value of single scattering albedo, w, and backscattering fraction, b, was computed as,
where, the integrations extend over the vertical range sampled by the IAP and Twin Otter flights.
Radiation Measurements
[32] The radiation measurements used in this study are based on the standard set of observations made with the CSPHOT and MFRSR instruments located at the Central Facility. The CSPHOT sensor head contains two silicon detectors. The two detectors view through a pair of D05S06 RICCHIAZZI ET AL.: AEROSOL PROPERTIES FROM REMOTE SENSING collimators, each offering the same field of view (1.2°), but with aperture sizes that differ by a factor of 10. The aerosol optical depth (AOD) retrievals are performed about 4 times per hour and are based on observations of the solar direct beam made with the detector that views through the smaller aperture. This detector is calibrated using the Langley regression technique, and provides estimates of AOD with an accuracy of $0.02 for the UV channels and $0.01 for the other channels [Eck et al., 1999] . Sky radiance measurements are performed at less frequent intervals (about 10 times per day for principle plane scans and somewhat less for the almucantar scans). The sky radiance detector is calibrated using NIST traceable lamps projected into a well characterized integrating sphere, yielding a calibration accuracy of $5% [Holben et al., 1998 ].
[33] The MFRSR measures direct normal, diffuse horizontal, and total horizontal solar irradiance within a set of 10 nm wide filters centered at nominal wavelengths, 415, 500, 615, 673, 870, and 940 nm [Harrison and Michalsky, 1994] . Through use of NIST traceable calibration lamps and periodic checks using Langley regressions, the calibration accuracy of the total irradiance measured by the MFRSR is estimated to be ±4% [Flynn and Hodges, 2005] . The direct and diffuse irradiance components are determined by noting the effect produced by a shadowband that periodically shades the diffuser from the direct solar beam. A measurement sequence consists of four steps, which is repeated at 20 s intervals. First, the total irradiance is measured with the shadowband positioned completely out of the instrument FOV. In the next three steps, the shadowband is rotated into the upper hemisphere and momentarily stopped at three positions. The first and third stops are just before and just after shading the diffuser (±9°from the Sun), while the second stop places the shadow directly on the diffuser. To first order, the diffuse irradiance corresponds to measurements obtained while the diffuser is shaded by the shadowband. However, corrections to this estimate are required because the shadowband subtends a solid angle much larger than that of the Sun. Measurements taken during the first and third stops are used to estimate how much diffuse irradiance is blocked by the shadowband while in the second stop position.
[34] It should be noted that this correction procedure will tend to underestimate the diffuse radiation. Aerosol phase functions are highly forward scattering. Thus the amount of diffuse radiation blocked while in the second stop position will not be fully canceled by subtracting the average irradiance measured while in the first and third positions. This causes more of the total irradiance to be attributed to the direct beam. It may be anticipated that the correction procedure will be least effective when coarse mode aerosols are abundant. Another source of error in the MFRSR diffuse irradiance measurement relates to the cosine response of the diffuser. For the direct irradiance component, the effect of fore-optic angular response is accounted for by dividing the raw values of direct beam irradiance by the instrument response function at known values of solar zenith and azimuth angles. This same angular correction is not applied to the diffuse component because its angular distribution is not known a priori. Neglecting the cosine response correction causes an additional 2% to 4% underestimate of the diffuse irradiance [Zhuravleva et al., 2004] .
Aerosol Property Retrieval
[35] Figure 5 shows two examples of the CSPHOT radiance scans used in the retrievals in the 676 nm channel. The radiance observations are combined from the almucantar and principal plane scans. Since scattering angles less than twice the solar zenith angle are accessible by the almucantar scans, only part of the full principal plane scan is used for the retrievals. Preference is given to the CSPHOT almucantar observations because they include a repeated sequence of scans viewing the sky radiance from the same set of scattering angles, but from positive and negative relative azimuth angle (measured in a counter- clockwise sense with respect to the Sun). This redundant information provides a measure of the quality of the almucantar radiance observations. The vertical error bars in Figure 5 indicate the minimum and maximum radiance observed during a single observational sequence. These variations are indicators of horizontal variability caused either by cloud contamination or instrument misalignment. Cloud contamination is the most likely cause of the variability seen at scattering angles 20 to 25°in the radiance observations of Figure 5b . The effects of instrument misalignment is most noticeable in the aureole region, where the radiance increases most rapidly with decreasing scattering angle. For these small scattering angles a very small left-right misalignment of the instrument will cause a noticeable asymmetry in the measured radiance. The strength of this effect will be most pronounced for those observations that have the largest increase in radiance with decreasing scattering angle, an event that is most likely to occur when large aerosol particles are present and a large amount of forward scattering is produced. This may explain why large asymmetries were observed in the aureole region of Figure 5b , but not in Figure 5a . As shown in Table 1 , the CSPHOT observations of size distribution [Nakajima et al., 1983] produced the largest values of effective radius (R eff , the ratio of the third to second moments of the aerosol size distribution) on day 149 (29 May). It should be noted, however, that the tabulated values of R eff and Å ngström exponent, å do not present a consistent picture of particle size variation. In general, the largest values of R eff should correspond to the smallest values of å. Instead, we find that the smallest values of å occur on day 129, not day 149.
[36] To minimize the effects of instrument misalignment and cloud contamination, we excluded from the retrievals the almucantar radiance observations that had more than 10% variation from the geometric mean radiance at any given relative azimuth. Table 1 shows the small scattering angle cutoff, q min , that met this criterion for each CSHPOT observation time. The large scattering angle cutoff, q max , was determined by the maximum available scattering angle in the principal plane scan, which was usually somewhat less than 90°plus the solar zenith angle.
[37] Figure 6 shows results for the phase function retrieval for the 676 nm channel on day 149.856. For the CSPHOT observations at this time, measured values of radiance were available for scattering angles between 4.1°and 109°. Outside these angular limits Mie scattering results were used to extrapolate the phase function. The Mie phase functions were calculated using the size distribution obtained with the Nakajima et al. [1983] method, which is based on aureole radiance observed by the CSPHOT at nearly the same time as the almucantar and principal plane scans. Unfortunately, detailed information on aerosol refractive index (as might be produced by the Dubovik and King [2000] method) was not available during the IOP because of instrument problems that occurred at large solar zenith angles only. To determine the impact this uncertainty has on the retrievals, four different aerosol types were used to supply refractive index for the Mie scattering phase functions used in unobserved forward and backward scattering directions.
[38] Note that in order to retrieve size distribution, the Nakajima et al. [1983] method assumes a generic value of index of refraction. Hence, assuming different values of refractive index may not produce a set of aerosol properties that is entirely consistent with the aureole radiance measurements. However, our intent here is to determine reasonable bounds for the sensitivity of the phase function retrieval to the assumption made in the unobserved scattering region. Values are shown for solar zenith angle (SZA), aerosol optical depth (t) at 440 nm, 670 nm and 870 nm, the Å ngström exponent for 440 -670 nm range (å), the effective radius (R eff ), and min/max observed scattering angles (q min , q max ).
D05S06
RICCHIAZZI ET AL.: AEROSOL PROPERTIES FROM REMOTE SENSING As shown in Figure 6 , the four aerosol types chosen produced slightly different values of aureole radiance, with phase function values all within about 15% of the mean at the 0°scattering angle. More significant differences were seen in the unobserved backscattering direction, where, in particular, the phase function of the soot type aerosol was about half as large as the other types at a scattering angle 180°. These differences in phase function will yield, through equation (4), slightly different values of single scattering albedo.
[39] The effect that different phase function extrapolations have on the single scattering albedo retrievals is shown in Figure 7 . The first four vertical bars at each observation time correspond to using an extrapolating Mie phase function based on (1) mineral, (2) oceanic, (3) sulfate and (4) soot index of refraction, counting from left to right. The next four bars, show the effect of other assumptions, such as (5) assuming a constant aerosol particle density, which extends from the surface to 2 km altitude instead of using the AATS vertical profile; 6) using the Gueymard solar spectrum instead of the Kurucz solar spectrum used in the nominal run; (7) assuming that the aerosol optical depth is in error by an amount ±0.01; and (8) assuming that the surface albedo takes on values A ± dA, consistent with the surface albedo uncertainty implied by Figure 1 . In these last four cases the extrapolating phase function based on mineral aerosols was used as the baseline case. The horizontal grey bars (constant for observations on any given day) indicate the column averaged single scattering albedo computed by equation (8) from the data shown in Figure 3 .
[40] Overall, it appears that the retrievals of w are not very sensitive to the form of the extrapolating phase function (first four bars at each observation time). Since w is evaluated as a quadrature over scattering angle (equation (4)), the contribution from different scattering angles may be estimated. Averaged over all 11 observation times, the contribution to w at 676 nm from unobserved scattering angles was 13.7% for all considered aerosol types, and varied only slightly with different types, with a maximum contribution of 14.5% from oceanic aerosol and a minimum value of 12.7% for soot. In addition, all values of w for a given day are within a few percent of the nominal case when considering the effect of (1) assuming that all the aerosol extinction occurs in the lowest 2 km of the atmosphere or (2) using the Gueymard solar spectrum instead of the nominal Kurucz spectrum. This last result is not too surprising since the Gueymard spectrum averaged over the 676 nm channel filter is only about 2.3% smaller than that computed for the Kurucz spectrum. Greater sensitivity is associated with the uncertainties in aerosol optical depth and surface albedo. When the uncertainty in these two parameters are propagated through the retrievals, five of the observation times of the 676 nm channel show IAP and CE data (129.55, 129.66, 129.73, 142.73, and 149.66 days) , but the rest of the observation times fall significantly below the in situ results. The effect of a 5% calibration bias in the CSPHOT radiance will produce an offset in the retrieved single scattering albedo of about twice the amount caused by the difference of the Gueymard and Kurucz solar spectra. This uncertainty does not appear to be sufficient to explain the underestimates produced at observation times 129. 81, 147.66, 147.73, 147.81 and 149.85 days. [41] The retrievals at 440 nm using the nominal Kurucz spectrum produced much larger estimates of single scattering albedo, with a few observation times producing w > 1. The 440 nm results show smaller sensitivities to optical depth and surface albedo uncertainty, and the average in situ values of w fall significantly below the retrieved values even when allowing for variation in extrapolation aerosol type, and the AOD and albedo uncertainty. However, the run based on the Gueymard solar spectrum produced much smaller values of retrieved single scattering albedo and matched the column-averaged in situ much better. When averaged over the 10 nm wide CSPHOT filter function at 440 nm, the Gueymard spectrum yields an TOA solar irradiance of 1909 W/m 2 /mm, which is about 6.5% larger than that produced by the Kurucz spectrum. The reduction in retrieved single scattering albedo is somewhat larger than this factor mostly because the scattered radiance at 440 nm contains a large Rayleigh scattering contribution, which tends to reduce the effect of a given change in the single scattering albedo.
[42] Though the agreement of the Gueymard results with the in situ observations is impressive, it should be recognized that the calibration accuracy of the CSPHOT radiance calibrations is about 5% [Holben et al., 1998 ], about the same magnitude as the difference between the two TOA solar models. The shift in retrieved single scattering albedo produced by the Gueymard spectrum should be interpreted as the sensitivity of the retrievals to the CSHPOT sky radiance calibration.
[43] Another factor that could explain the discrepancy between the column integrated retrievals and the IAP results might be that the aerosol distribution within IAP altitude range is not representative of the whole atmospheric column. Indeed, the flight log of the Twin Otter on day 129 noted that there were elevated aerosol layers between 4 and 5 km that could have been smoke, and one at 6 km that may have been a layer of mineral dust. However, this does not seem to be a very convincing explanation for the discrepancy on the days we analyzed. For the 676 nm channel, the best match is found for day 129 when only 45% of the extinction is covered by the IAP flights, while the worst match is on day 149 even though 90% of the extinction is contained within the IAP altitude range. It is interesting to note that day 149 also shows the greatest difference between the IAP and CE values of w. Again, however, it is difficult to attribute it to limited altitude coverage of the IAP experiment, since according to Figure 3 smaller values of w were measured by the CE experiment throughout the altitude range that the IAP and CE experiments had in common. A possible cause for the difference of w on day 149 is the greater importance of supermicron particles on this day. This idea is consistent with the fact that day 149 had the largest value of R eff as computed from the CSPHOT size distribution product (Table 1) .
[44] Figure 8 shows comparison of the backscattered fraction from the retrievals and in situ observations. The backscattered fraction was computed from the retrieved phase function using,
As was the case for the single scattering albedo retrievals, the aerosol type used for the phase function extrapolations had a small effect on the retrieved values of b. The largest effect was seen at 676 nm, for the soot-type extrapolating function, which yielded a b value between 0.005 and 0.02 less that the average b produced by the other aerosol types. The 440 nm retrievals did not show any significant variation with the aerosol type used for extrapolation. Compared to the 676 nm retrievals, the effect of assuming a constant aerosol density below 2 km rather than a more realistic density profile from the AATS, has a large effect on the backscattering retrievals at 440 nm. This result is consistent with the idea that the radiance at the surface is insensitive to the relative vertical distribution of optical properties when the atmosphere is optically thin. The optically thin assumption breaks down in the 440 nm channel. At 440 nm the Rayleigh optical depth is about 0.23 and the AOD varies between 0.15 and 0.36 for the days considered. The importance of Rayleigh scattering in the 440 nm channel causes the retrieved values of w to be highly sensitive to the instrument calibration and the extraterrestrial solar input. In contrast, the results for the 676 nm retrievals of w show much greater sensitivity to perturbations in AOD and a moderate sensitivity to surface albedo.
[45] Uncertainty in surface albedo had a much larger effect on the b retrievals at 676 nm than uncertainty in aerosol optical depth. The effect of surface albedo and AOD uncertainty was much less pronounced for the 440 nm channel, yet the in situ b value fell within the uncertainty limits for three of the observation times.
[46] It is always possible to attribute some part of the disagreement in the w and b comparisons to incomparability of the sample volumes (either in time of space) of the IAP flights versus our column integrated retrievals. This objection does not apply to the next set of comparisons, in which the retrieved values of aerosol w and P are used to compute a direct and total surface irradiance, which are then compared to observations made by the MFRSR. This comparison is an indirect test of the accuracy of the aerosol retrievals.
[47] The retrieved parameters satisfy the convergence criterion of the iteration sequence discussed in section 2. Thus, when fed back into the RTM the retrieved parameters must reproduce the radiance distribution seen by the CSPHOT at the almucantar and principal plane viewing angles. This implies that the computed diffuse/total ratio depends on aerosol optical depth only through its effect on the direct beam irradiance. Perturbing the aerosol optical depth away from its nominal value will yield compensating changes in the value of w and P, that will result in exactly the same value of diffuse radiance. A similar compensation will occur when the surface albedo is perturbed, but changes in albedo will have even less effect on the diffuse/total ratio since albedo does not affect the direct beam radiation. The irradiance comparison actually tests whether (1) the radiance distribution in the upper hemisphere is well represented by the limited angular samples seen by the CSPHOT, (2) the cosine response of the MFRSR accurately integrates the radiance over the whole sky, and (3) the CSPHOT direct beam calibration (used for optical depth data product) is consistent with the CSPHOT sky radiance measurement. It does not directly test whether the CSPHOT and MFRSR calibrations are in agreement, since the MFRSR calibration constant is eliminated by taking the diffuse/total ratio.
[48] Figure 9 shows the measured diffuse/total irradiance for the 497 nm, 676 nm and 870 nm channels of the MFRSR for the 4 days considered in this study. Also shown are the Monte Carlo RTM predictions of diffuse/total ratio using our retrieved aerosol phase function and single scattering albedo at the CSPHOT observation times. Since there were no CSPHOT retrievals near 500 nm, values of w and P at the CSPHOT wavelengths 440 nm and 676 nm were linearly interpolated to provide inputs for the 497 nm RTM irradiance calculation. The values of diffuse/total ratio computed by the RTM are for the nominal case, which used the mineral aerosol extrapolating function. Results for the other extrapolating functions are not shown because they are well within 0.1% of the mineral value for all observation times. Also shown are results computed using the Gueymard TOA solar spectrum (marked with crosses).
[49] All the computed values of diffuse irradiance are corrected to match the MFRSR cosine response. In the normal sequence of MFRSR data processing, the effect of fore-optic angular response is partially accounted for by dividing the raw values of direct beam irradiance by the instrument response function at known values of solar zenith and azimuth angles. Normally, the angular correction is not applied to the diffuse component because its angular distribution is not known a priori. As discussed in section 3, this results in the MFRSR underestimating the diffuse irradiance. Because we have the full aerosol phase function and radiance distribution, it is a simple matter to include the effect of the cosine response (J. Barnard, PNL, personal communication, 2005) in our computed predictions of the MFRSR diffuse component. For the cases we studied, this results in a decrease in the predicted levels of diffuse radiation by about 3%, in line with the diffuse irradiance deficits reported for the MFRSR by Zhuravleva et al. [2004] .
[50] As mentioned above, the optical depth uncertainty only affects the direct beam. Hence the effect of an uncertainty, Dt on the diffuse/total ratio, d, is given by,
and yields, for most of the points in Figure 9 , a fractional change, Dd/d < 2%, assuming a solar zenith angle less than 60°and Dt = 0.01.
[51] The irradiance predictions based on the 27 May retrievals show the closest correspondence with the MFRSR diffuse/total ratio. Very good agreement is also found for the retrievals on 29 May and the last retrieval on 9 May. At these times, a less precise match up was found between the MFRSR and modeled diffuse/total ratio at 497 nm, probably because of inaccuracies introduced by the wavelength interpolation on w and P between 440 nm and 676 nm. It is interesting to note that the times for which the MFRSR diffuse/total ratio shows the least time variability also show the best agreement with predicted diffuse/total ratio. Temporal instability in the MFRSR diffuse/total ratio is an accurate indicator of a horizontally inhomogeneous cloud cover. Cloud contamination is probably responsible for the discrepancy between the measured and computed diffuse/ total ratio seen in the 22 May measurements, and at least plays a part in the discrepancies seen at 1630 and 1730 UT observations of 9 May.
Summary and Conclusions
[52] We have used observations of sky radiance made during May 2003 ARM aerosol Intensive Observation Period to retrieve aerosol single scattering albedo and phase function at 440 nm, 676 nm and 870 nm. These aerosol scattering parameters were compared to data obtained from the in situ, IAP and Covert and Elleman experiments. Our retrieved single scattering albedo at 676 nm was between 0 and 5% below the in situ measurements for many of the considered cases, with only a few of the observations within the uncertainties caused by optical depth and surface albedo inputs. Retrievals of single scattering albedo in the 440 nm band using the nominal solar spectrum exceeded the in situ measurements between 2 and 15%, and sometimes produced unphysical values of w, as large as 1.1. Much better agreement was found when the Gueymard TOA solar spectrum was used in the remote sensing retrievals. These runs produced estimates of single scattering albedo within a few percent of the in situ measurements on more than half of the observation times.
[53] We tested several different modifications of the basic retrieval technique. The exact form of the phase function extrapolation used at angles that were unobserved by the Sun photometer did not have a large influence on the retrieved values of single scattering albedo, but did have some effect on the estimates of backscattered fraction.
Modification of the vertical profile of the aerosol extinction coefficient did not have a great effect on property retrievals at 676 nm and 870 nm, but was important for backscatter fraction only in the 440 nm channel.
[54] Finally, we used our retrieved aerosol single scattering albedo and phase function to compute the ratio of direct to total irradiance at the surface, and compared these values to those measured by the Central Facility MFRSR. The radiation model included correction factors to account for the effect of the instrument cosine response on both the direct and diffuse irradiance components. These comparisons showed good agreement for those cases for which temporal stability of the MFRSR diffuse/total ratio indicated the least influence of horizontally inhomogeneous clouds. It should be noted, however, that previous studies have indicated that observations of large diffuse/total deficits tend to occur on days with low aerosol loading, a condition which was not present at the times of our observations. Figure 9 . Ratio of diffuse to total irradiance measured by the Central Facility MFRSR for the 4 days considered in this study. The diamonds indicate irradiance computed using retrieved aerosol properties from the CSPHOT 670 nm and 870 nm channels. The RTM results at 497 nm are based on interpolated single scattering albedo and phase function from the 670 nm and 440 nm retrievals. The error bars indicate sensitivity to a ±5% perturbation of the single scattering albedo. The diffuse/total ratio computed using aerosol properties retrieved using the Gueymard solar spectrum are indicated with a cross.
